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BMP15 Prevents Cumulus Cell Apoptosis Through CCL2 and FBN1 in Porcine Ovaries

Introduction
Most follicles in mammalian ovaries showed degradation and atresia in different development stages. It is shown from predecessors' studies that except 1% of follicles develop to maturity and ovulation, the remaining follicles undergo atresia [1] . Many researches on a variety of animals show that mammalian follicular atresia is mainly caused by the apoptosis of granulosa cells [2] . Apoptosis is basic physiological mechanisms which make bodies maintain their stability. Apoptosis is an active cellular suicide process encoded by genes during the organisms' growth, differentiation, development and pathological processes. Initiation of the cells apoptosis may be triggered by receiving cytotoxic signals or by receiving survival or growth signals [3] . Studies on granulosa cell apoptosis will help to a better understanding of the underlying mechanisms in follicular atresia. Although apoptosis is an autonomous process which regulated by a cell's own genes, many extracellular factors also has influence to apoptosis. In some cases, the extracellular factors were very critical to apoptosis. As well as the pathological processes, during organisms' growth and development, extracellular factors influence the intracellular regulatory genes mediating cell survival via a variety of signal transduction pathways which determine the particular cell survival or death. Apoptosis is different from necrosis. Once a series of mRNAs were transcripted and translated after apoptosis-related genes have been activated, the cells will soon undergo apoptosis. In contrast, apoptosis might not occur if synthesis of RNA or protein be inhibited. Granulosa cells are called ovary somatic cells. The regulation mechanism of apoptosis in granulosa cell is similar to normal cells. For example, granulosa cell apoptosis is regulated by apoptotic genes such as Bcl2, Bax and p53. In addition, granulosa cell apoptosis has unique regulatory factors and modes due to the unique physiological environment and developmental processes.
Bone morphogenetic protein-15 (BMP15) which is also known as growth differentiation factor 9B (GDF9B), belongs to the transforming growth factor-β (TGF-β) superfamily and secreted by oocytes. BMP15 mRNA is uniquely located in oocytes in sheep ovaries [4] . BMP15 expression occurred in all human, mouse and rat oocytes in the early stages of follicular development. The expression level of BMP15 in the dominant ovarian follicles of the mouse is higher than that in the atretic follicles [5] . BMP15 stimulates the proliferation of granulosa cells [6] and is involved in the regulation of regulatory factors such as follistatin [7] , the kit ligand (KL) [8] , Gremlin [9] and inhibits FSH receptor expression. BMP15 and the KL form a novel gamete-somatic cell negative feedback loop that is functionally linked to granulosa cell proliferation [8] . BMP15 is also involved in the regulation of cumulus cell apoptosis. In bovine ovaries, removal of the oocyte from cumulus-oocyte complexes (COC) induces cumulus cell apoptosis. The induction of cumulus cell apoptosis can be prevented by treatment with BMP15 [10] . Thus, BMP15 may contribute to decreasing the apoptotic rate within COC until the point of ovulation. Comparing the unique structure of BMP15 with other TGF-β superfamily members, it is possible that BMP15 uses specific receptors and signaling to regulate apoptosis or other biological processes. Currently, nothing is known about the mechanism which BMP15 modulates apoptosis in granulosa cells.
Many studies have investigated granulosa cell apoptosis in pigs, and many factors have been reported to take part in this process, such as tumor necrosis factor α (TNFα) and its receptor [11] , factor associated suicide (FAS)/FAS ligand (FASL) [12] , and TNF-related apoptosis-inducing ligand (TRAIL) and its receptor [13] . In this study, the expression of mRNAs was evaluated in porcine cumulus cells after BMP15 treatment using a next-generation highthroughput sequencing technology. (Follistatin produced by mural granulosa cells (MGCs) and present in follicular fluid may limit the anti-apoptotic effects of BMP15, which is secreted by oocytes specifically in the COC microenvironment [10] . Thus, the porcine cumulus cells, and not the MGCs, were employed in this study). Dozens of differentially expressed mRNAs were identified, and the functions of these mRNAs were predicted. Among these genes, apoptosisrelated genes were screened out and it is found that BMP15 treatment significantly affected the expression of two apoptosis-related genes, chemokine (C-C motif) ligand 2 (CCL2) and fibrillin 1 (FBN1). RNA interference (RNAi) technology was carried out in this study, the results showed that CCL2 and FBN1 were closely related to porcine cumulus cell apoptosis and FBN1 induced porcine cumulus cell apoptosis and CCL2 protected porcine cumulus cells from apoptosis in vitro with BMP15 treatment,. This is the first evidence that CCL2 and FBN1 are important factors regulating the apoptosis process which BMP15 protects porcine cumulus cells. The results obtained will provide a theoretical basis for revealing the mechanism underlying porcine granulosa cell apoptosis in further studies.
Materials and Methods
Cumulus cell separation and culture Unless otherwise specified, all chemicals and reagents were purchased from Sigma (St Louis, MO). Porcine ovaries were collected from local abattoirs and transported to the laboratory in warm saline (35-37°C). Follicular fluid was collected from antral follicles (3-8 mm diameter). COC were mechanically aspirated from antral follicles using an 18-gauge needle and a 10 ml syringe containing 2 ml aspiration media (Hepes-buffered DMEM-F12). Intact COC with compact cumulus vestments greater than five cell layers and evenly pigmented cytoplasm were selected under a dissecting microscope and washed 2-3 times in Hepes-buffered DMEM-F12, and we dissociated the cumulus cells by incubation with hyaluronidase (0.1%) for three minutes. The cumulus cells were then washed 2-3 times with DMEM-F12. Suspension cells were treated in the cell culture plate, and DMEM/F12 (penicillin &streptomycin and 10%fetal calf serum) with 0ng/ml, 25ng/ml, 50ng/ml, 100ng/ml or 200ng/ml recombinant human BMP15 (R&D systems) was added to the plate and incubated at 38.5°C with 5% CO 2 in humidified air for 96 hours (the logarithmic phase of cells).
Flow cytometric analysis of apoptotic cells
Apoptotic cells were differentiated from viable or necrotic cells by the combined application of annexin-V-FLUOS and propidium iodide (PI) (Roche, Germany). The three parallel samples were washed twice and adjusted to a concentration of 1 × 10 5 cells/mL with 4°C PBS. In total, 100 μL of cell suspension was added to each labeled Falcon tube (12 mm × 75 mm, polystyrene round-bottom). Next, 10 μL of annexin-V-FLUOS and 10 μL PI (20 μg/mL) were added into the tube and incubated for at least 20 min at room temperature in the dark. Then, 400 μL of PBS binding buffer was added to each tube without washing, and the sample was analyzed using FCM analysis (Roche, Germany) immediately (within 30 min). This assay was performed in triplicate.
Library construction and sequencing
Total RNA was extracted from the cumulus cells treated with 0ng/ml and 100ng/ml BMP15 using standard protocols (Trizol). The RNA was treated with DNase to remove potential genomic DNA contamination according to the manufacturer's protocols. RNA integrity and concentration were evaluated using the Agilent 2100 Bioanalyzer (Agilent Technologies). For RNA library construction and deep sequencing, equal quantities of RNA from three parallel N-BMP15 cumulus cells samples were pooled, and RNA samples from the three parallel BMP15 treatment cumulus cells sample were pooled. Approximately 8 µg of RNA representing each group were submitted to Solexa (now Illumina Inc.) for sequencing. Sequence tag preparation was performed using Illumina's Digital Gene Expression Tag Profiling Kit according to the manufacturer's protocol. In brief, mRNA was isolated from 8 µg total RNA by binding the mRNA to a magnetic oligo bead. First-and second-strand cDNA were synthesized while the mRNA was attached to the beads. The double stranded cDNAs were separated with NlaIII to wash away all fragments other than the 3'CATG fragment attached to the oligo bead. Then, GEX NlaIII Adapter 1 was bound at the site of NlaIII cleavage. GEX NlaIII Adapter 1 also contains the sequence for the restriction enzyme MmeI, so we applied the restriction enzyme MmeI to create the 17 bp tag. The GEX Adapter 2 was bound at the site of MmeI cleavage. A PCR with 12 cycles was performed with two primers that anneal to the ends of the adapters to enrich the adapter-bound cDNA construct. The resulting 85 bp fragments were purified from a 6% Novex TBE PAGE gel. Subsequently, the purified cDNA tags were sequenced on the Illumina Cluster Station and Genome Analyzer. Finally, image recognition and base calling were performed using the Illumina Pipeline. 
RT-QPCR of gene expression
To verify the DEG results, RT-PCR analysis was carried out. The RNA samples used for RT-PCR assays were independent to RNA extractions from biological replicates, the same as for the Illumina experiments. RT-PCR was performed on the Mastercycler ® ep realplex (Eppendorf, Germany) with SYBR-Green detection (SYBR PrimeScript RT-PCR Kit, TaKaRa Biotechnology Co., Ltd.), according to the manufacturer's instruction. Primer sequences, the size of amplification products and the GenBank accession numbers are shown in Table 1 .The total volume of 20ul RT-PCR reaction mixture contained 10ul of SYBR ® Green Real-time PCR Master Mix, 2ul of cDNA and 0.5uM each of forward and reverse primers. The program used for all genes consisted of a denaturing cycle of 120 s at 95°C, 40 cycles of PCR (94°C for 30 s, 59°C -61°C for 30 s and 72°C for 60 s), a melting cycle consisting of 95°C for 30 s, 72°C for 5 min and a step cycle starting at 65°C with a 0.2°C ⁄ s transition rate to 95°C. The specificity of the RT-PCR product was confirmed by melting curve analysis. Each cDNA was analyzed in triplicate, after which the average threshold cycle (Ct) was calculated in each sample. The relative expression levels were calculated with the 2 -∆∆Ct method. The results were normalized to the expression level of β-actin and relative to the N-BMP15 sample.
Design and transfection of siRNA
The complementary DNA (cDNA) sequence of porcine CCL2 and FBN1 (GenBank accession No. NC_010454 and NC_010443) was examined using Invitrogen's web-based siRNA design software (https://rnaidesigner.invitrogen.com/ rnaiexpress/) to select appropriate siRNA target sites. A pair of oligonucleotides corresponding to CCL2 and FBN1 cDNA was designed. A BLAST (basic local align-ment search tool) search of these sequences confirmed their specificity to CCL2 and FBN1 only. In addition, a nonsense sequence with no similar match to any known sequence was used as control. The CCL2 and FBN1 small RNA interference (RNAi) was named siRNA-CCL2 and siRNA-FBN1, and the nonsense sequence to CCL2 and FBN1 was named negative control siRNA (NC-siRNA). Cumulus cells cultures were transfected with siRNA-CCL2 and siRNA-FBN1 or NC-siRNA using Lipofectamine™ RNAiMAX Reagent (Shanghai Invitrogen Biotech-nology Co., Ltd.). Briefly, RNAi duplex, Lipofec-tamine™ RNAiMAX, and 250 μl DMEM/ F12 medium were combined and incubated for 20 min at room temperature. The transfection complex was added to the cells, and incubated for 48 h at 37 °C.
Measurement of apoptosis related genes expression by Western blot
Total proteins from cumulus cells were extracted in a cell lysis buffer for Western and immunol precipitation (Beyotime, China) containing 10 mmol/L phenyl-methyl sulfonylfluoride (PMSF; Beyotime, China), and the resultant cell suspension was centrifuged at 12 000 r/min for 10 min. The supernatant was removed and the amount of protein was quantified using the bicinchoninic acid (BCA) protein assay kit (Beyotime, China). The homogenized samples (15 μ g crude proteins per lane) were subjected to electrophoresis on 12% (w/v) poly-acrylamide-sodium dodecyl sulfate (SDS) gels under standard reducing conditions with precision multicolor protein marked (CWBIO, China), and then transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA) at 2.5 mA/cm 2 for 45 min. Then they were blocked with 5% (w/v) BSA in PBS (blocking buffer) for 1 h at room temperature. Immunoblotting was carried out by incubating the membranes overnight at 4 °C with antibodies against Bcl2 and Bax (Santa,USA; 1:500 and 1:250 dilution) or GAPDH (Boster, China; 1:300 dilution). The membranes were washed three times with 1% (v/v) Tween-20 in PBS, then hybridized with horse radish peroxidase (HRP)-conjugated secondary goat anti-rabbit IgG antibody (Santa Cruz Biotechnology Inc., California, USA) diluted at 1:5000 for 2 h. After three washes with 1% (v/v) Tween-20 in PBS, the signals were detected as chemical luminescene by X-ray film with BeyoECL Plus kit (Beyotime, China).
Measurement of cell growth by MTS assay
Measurement of cell growth by MTS assay cumulus cells were counted in a hemocytometer, and the viability was determined by trypan blue dye exclusion, and then the cumulus cells were seeded in 96-well culture plates (Costar; Corning Inc., NY, USA) at a density of (3-5)×10
4 cells per well. The number of live cells at the end of the process of culture was determined with the MTS kit (Roche, China), as recommended by the manufacturer. The optical density at 490 nm (OD490) was determined using an enzyme-linked immunosorbent assay (ELISA) reader (Bio-TEK Instruments, USA).
Statistical analyses
Data were expressed as the SEM (mean ± standard error of the mean) and analyzed by repeated measures analysis of variance (ANOVA), FCM, MTS and RT-qPCR data were also analyzed with Duncan's multiple-range tests using the SPSS13.0 software. P <0.05 was considered to be significantly difference; P <0.01 was considered to be very significantly difference. 
Results
FCM analysis of apoptosis after BMP15 treatment
After treatment with different doses of BMP15 for 96 h, induction of apoptosis was analyzed using FCM. Apoptotic and necrotic cells were distinguished according to annexin V-FLOUS reactivity and propidium iodide (PI) exclusion. BMP15 (0-200ng/ml) induced a dose-dependent decrease in apoptosis in cumulus cells (Fig. 1a-e) . In particular, levels of cumulus cell apoptosis reduced significantly in cells treated with 50-200ng/ml of BMP15 (Fig. 1c-e) . Fig. 1e shows that the death rate of cumulus cells which treated with 200ng/ml of BMP15 increased significantly. It is suggested that cells cannot maintain normal growth at this concentration. BMP15 with 100ng/ml was therefore chosen as the concentration for subsequent experiments.
Analysis of differentially expressed gene (DEG) libraries
In order to understand the regulation mechanism of the host cell's response to BMP15, the global gene expression profiles in cumulus cells was measured by using the Solexa highthroughput sequencing system based on tag transcriptome sequencing. DEG libraries were sequenced from two groups of porcine cumulus cells which treated with 100ng/ml BMP15 and untreated severally. The major sequencing results of the two libraries are summarized in Table 2 . Approximately 3.6 million total sequence tags per library were obtained, among which there are 1.9 million distinct tag sequences. The raw reads were classified by filtered clean reads, low quality tags, the tags containing N and the sequences that consisted only of adapters before mapping the tag sequences to the reference sequences. We obtained approximately the same number of total clean sequence reads per library, with 3,613,596
Expression of CCL2 (MCP-1) and FBN1 was altered in cumulus cells after BMP15 treatment
The genes related to apoptosis are summarized in Fig. 2B . CCL2 (MCP-1), FBN1 and OXTR may be involved in apoptosis based on GO and Pathway analysis. The expression levels of CCL2 and FBN1 in cumulus cells were measured in the presence or absence of BMP15 by RT-qPCR. The results showed that CCL2 was upregulated and FBN1 was downregulated in porcine cumulus cells with BMP15 treatment (Fig. 2C) . Moreover, because of previous research indicates that CCL2 suppresses apoptosis [14] and FBN1 induces apoptosis in vitro [15] , the two genes were chosen for further research.
Validation of DEG data by RT-qPCR
To validate DEGs identified by Solexa sequencing, we randomly selected 11 genes from the significant DEGs. Five downregulated genes, i.e. epithelial chloride channel protein (CAV2) , tubulin alpha-1C chain-like (alpha-1C), L1 cell adhesion molecule (L1CAM), secreted frizzled-related protein 2-like (SFRP2) and matrix metallopeptidase 14 (MMP14) and six upregulated genes, i.e. TGF-β activated kinase 1b (TAK1b), triple functional domain (PTPRF interacting) (TRIO), cytoskeleton associated protein 2 (CKAP2), bone morphogenetic protein receptor II (BMPR2), growth factor receptor (IGF1R) and topoisomerase II (TOPOII) were included. The data are presented as fold changes (log2) in gene expression normalized to the β-actin gene and relative to the N-BMP15 sample. Pearson's correlation coefficient (r) showed that both the DEG and RT-qPCR data (pooling samples) were highly correlated, as the genes modulated by BMP15 had a high consistency (Fig. 3) . It is confirmed from RT-qPCR analysis that the direction of change detected by DEG analysis. 
Effect of siRNA against CCL2 on apoptosis and proliferation of cumulus cells
In order to study the function of CCL2 in the BMP15-mediated protection of cumulus cells from apoptosis, cumulus cell indicators were measured at the morphological, mRNA and protein levels. Flow cytometry experiments were used to describe the effects of adding BMP15 after the transfection of CCL2 siRNA on apoptosis rates in cumulus cells. Apoptotic cells were differentiated from viable or necrotic cells according to annexin V-FLUOS reactivity and PI exclusion. The results were shown in Fig. 4A . It can be seen that the cumulus cell apoptosis rate increased from 12.6% to 31.7% which the difference was significant (P <0.01) while CCL2 depletion after the addition of BMP15. However, the cumulus cell apoptosis rate increased from 29.2% to 31.7% which the difference was insignificant while CCL2 depletion before the addition of BMP15. It can be seen the effect of BMP15 is small without CCL2. These results indicated that BMP15 promotes cumulus cell apoptosis by silencing CCL2.
Quantitative fluorescence experiments were used to investigate the effects of adding BMP15 after the transfection of CCL2 siRNA on the levels of apoptotic gene mRNAs in cumulus cells. The results were shown in Fig. 4B . It can be seen that after the addition of BMP15, depletion of CCL2 led to a significant decrease in Bcl2 expression (P <0.01), a significant increase in Bax expression (P <0.01) and a significantly decreased ratio of the two (P <0.01). In addition, added BMP15 after CCL2 depletion did not lead to significant changes in the expression of Bax and Bcl2. It is suggested that BMP15 acts on cells via CCL2 and the protective effect of BMP15 against apoptosis was eliminated after depleting CCL2. These results indicated that BMP15 promotes cumulus cell apoptosis by silencing CCL2.
Western blotting experiments were used to study the effects of adding BMP15 after the transfection of CCL2 siRNA on the protein levels of cumulus cell apoptotic genes. Fig. 4C shows that after the addition of BMP15, CCL2 depletion led to a significantly decreased level of Bcl2 (P <0.01), significantly increased level of Bax (P <0.05) and a significant reduction ratio of the two (P <0.01). In contrast, adding BMP15 after CCL2 depletion had little effect on the protein levels of Bax and Bcl2, suggesting that BMP15 can also act on the protein level to promote cumulus cell apoptosis by silencing the CCL2 gene.
Cumulus cell MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) proliferation experiments were used to describe the effects of adding BMP15 after the transfection of CCL2 siRNA on cumulus cell proliferation. As shown in Fig. 4D , the growth states of cells showed no significant changes from 24 h to 72 h and the cell growth trend enhanced with an upward S-curve pattern after 72 h. Cells were transfected with CCL2 siRNA after being cultured for 96 h. At 24 h after transfection, that is to say the time point of 120 h, the proliferation of cells in each group changed significantly.
Furthermore, at 48 h after transfection, that is to say the time point of 144 h (the time point
showing the maximum effect of siRNA transfection), the absorbance value of the group transfected with CCL2 siRNA after BMP15 addition was significantly decreased compared to the untransfected group (P <0.05). In contrast, after the depletion of CCL2, the addition of BMP15 had no significant effects on the absorbance values of cells. This result indicates that CCL2 gene silencing prevents BMP15 from promoting cumulus cell proliferation.
Effect of FBN1 siRNA on the apoptosis and proliferation of cumulus cells
In order to study the function of FBN1 in the BMP15-mediated protection of cumulus cells from apoptosis, cumulus cell indicators were measured at the morphological, mRNA and protein levels. FCM experiments were carried out to investigate the increased effects of BMP15 after FBN1 siRNA transfection on the apoptosis rate of cumulus cells. The results in Fig. 5A show that after adding BMP15, depletion of FBN1 reduced the apoptosis rate of cumulus cells from 12.6% to 10.3% and the difference was significant (P <0.05). Moreover, adding BMP15 after FBN1 depletion reduced the apoptosis rate of cumulus cells from 13.1% to 10.3% which was significant (P <0.05). These results suggest that silencing FBN1 gene effectively would inhibit cumulus cell apoptosis while BMP15 existence. In addition, the results also indicate BMP15 and other factors have synergistic effects based on the fact that the BMP15-mediated inhibition of apoptosis was more significant in cells after FBN1 was depleted.
Furthermore, according to the results from quantitative fluorescence experiments, it is explored the effects of adding BMP15 after the transfection of FBN1 siRNA on the mRNA levels of apoptotic genes in cumulus cells. Fig. 5B shows that the depletion of FBN1 led to a significant increase in Bcl2 expression (P <0.05) but no significant changes in Bax expression after adding BMP15, and the ratio of the two was significantly increased (P <0.01). In contrast, after FBN1 depletion, the addition of BMP15 led to a significant increase in the expression levels of both Bcl2 and Bax (P <0.01 and P <0.05, respectively), and the ratio of the two was significantly increased (P <0.01). These results suggest that BMP15 suppresses cumulus cell apoptosis by silencing FBN1 and BMP15 also participates in the regulation of other upregulated genes to further protect against cumulus cell apoptosis.
Western blotting experiments were performed to determine the effects of adding BMP15 after the transfection of FBN1 siRNA on the protein levels of cumulus cell apoptotic genes. Fig. 5C shows that after adding BMP15, FBN1 depletion led to a significant increase in Bcl2 protein level (P <0.05), whereas the level of Bax has no significant changes, and the ratio of the two significantly increased (P <0.05). In contrast, adding BMP15 after CCL2 depletion led to a significant increase in Bcl2 expression (P <0.01), whereas the level of the Bax protein has no significantly change, and the ratio between the two was significantly increased (P <0.01), suggesting that BMP15 can act on the protein level to inhibit cumulus cell apoptosis by silencing the FBN1 gene.
Using MTS proliferation experiments in cumulus cells, we described the effects of adding BMP15 after the transfection of FBN1 siRNA on cumulus cell proliferation. As shown in Fig. 5D , the growth states of cells in each group showed no significant changes from 24 h to 72 h, and after 72 h, the cell growth trend showing an upward S-curve pattern and the number of cells increased significantly,. Cells were transfected with FBN1 siRNA after being cultured for 96 h. At 24 h after transfection, that is to say the time point of 120 h, the proliferation of cells in each group changed significantly. At 48 h after transfection, that is to say the time point of 144 h (the time point showing the maximum effect of transfection), the absorbance values of the group transfected with FBN1 siRNA after adding BMP15 were significantly increased compared with the untransfected group (P <0.05). In contrast, after depleting FBN1, the addition of BMP15 significantly increased the absorbance values of cells (P <0.05). This result indicates that silencing the FBN1 gene facilitates the promotion of cumulus cell proliferation by BMP15.
Discussion
Follicular atresia is a complex and cumbersome process. It involves a variety of signaling pathways and regulatory factors. Some of these factors regulate follicular atresia by controlling the fate of granulosa cells. Oocyte-secreted factors have been shown to play critical roles in the regulation of follicular cell functions [16] . BMP15 is one of the intrinsic factors that play essential roles in promoting granulosa cell survival. Granulosa cells are divided into two types: mural granulosa cells (MGC) and cumulus cells. Cumulus cells are specialized cells that are actually derived from the granulosa cells that surround and nourish the oocyte during maturation [17] . Cumulus cell apoptosis plays a critical role in the growth and development of the oocyte. BMP15 is specifically secreted by the oocyte within the mammalian ovary and is important for maintenance of the tertiary structure of COC. However, the effect of BMP15 on the apoptotic mechanism of cumulus cells has not been reported. Previous studies have indicated that BMP15 may protect bovine cumulus cell apoptosis [10] . Accordingly, this paper also proves that BMP15 may protect the porcine cumulus cell apoptosis. Also, BMP15 treatment can significantly influence the expression of CCL2 and FBN1, and the protective effects of BMP15 against apoptosis were regulated by changing the expression of CCL2 and FBN1. To our knowledge, this is the first evidence demonstrating the roles of CCL2 and FBN1 in relation to BMP15 in female reproduction and, more specifically, in follicular atresia.
In this study, FCM was used to measure the apoptosis of cumulus cells treated with different concentrations of BMP15. The results showed that the apoptosis rate of cumulus cells treated with BMP15 changed in a dose-dependent manner, which is in agreement with a previous study. The reduced level of cumulus cell apoptosis is dependent on the presence of BMP15 [10] . We found that BMP15 effectively prevented the apoptosis of cumulus cells in vitro at a concentration of 100 ng/ml, which was used for further studies. However, concentrations of 200 ng/ml BMP15 caused a very high rate of cell death, and cumulus cells did not grow normally. The reason might be the high concentrations of exogenous additives affected normal cell growth and may have even caused death.
BMP15 may activate different signaling pathways during follicle development [18] . Prosurvival and pro-apoptotic molecules are involved in ovarian apoptosis [19] , and a delicate balance between them determines the final destiny of follicular cells [20] . Our results suggest that BMP15 regulates many genes involved in the regulation of the pro-survival and pro-apoptotic gene balance in cumulus cell apoptosis. It has been demonstrated that the FAS pathway ameliorates disease phenotypes in FBN-1-mutant systemic sclerosis (SS) and dextran-sulfate-sodium-induced experimental colitis. FAS-regulated CCL2 secretion by bone marrow mesenchymal stem cells (BMMSCs) recruits T cells for FASL-mediated apoptosis [14] . It is known that FAS and FASL are key factors for cumulus cell apoptosis, and the close connection between the two genes in cumulus cell apoptosis is clear. In this study, hundreds of different genes were pretested, tens of which were involved in apoptosis, including proapoptotic genes (such as FBN1, Bax and OXTR) and anti-apoptotic genes (such as CCL2, Bcl2, kit and EGFR). Among them, we found that after BMP15 treatment, the changes in the expression levels of CCL2 and FBN1 were more significant. Therefore, we focused on these two genes for the subsequent in-depth study. Our results suggest the involvement of CCL2 upregulation and FBN1 downregulation in the regulation of cumulus cell apoptosis, providing a new possible mechanism for the action of BMP15.
MCP-1, also known as CCL2, was the first identified member of the chemokine subfamily and is secreted by a variety of immune and non-immune cell types, such as monocytes, epithelial cells, smooth muscle cells and fibroblasts [21] . The involvement of chemokines in ovarian function is becoming more evident as research in the area of reproduction progresses. CCL2 is directly or indirectly related to follicular development and atresia, ovulation, steroidogenesis and corpus luteum (CL) function [22] . Bcl2 and Bax are two markers for apoptosis; Bcl2 is an anti-apoptotic gene, and Bax is a pro-apoptotic gene. The ratio between the two determines the fate of a cell, survival or death [23] . Therefore, in the present study, we utilized these two apoptotic marker genes to detect apoptosis at the mRNA and protein levels. This study analyzed the underlying mechanism by which CCL2 protects follicles from atresia, that is, its effects on cumulus cell apoptosis, in the presence of BMP15. After BMP15 addition, the depletion of CCL2 promoted cumulus cell apoptosis; however, adding BMP15 after CCL2 was depleted had no obvious effect. These results suggest that the pro-apoptotic effect observed in the former experiment may have been because BMP15 protected the cumulus cells from apoptosis via CCL2, and after silencing CCL2, the protective effect of BMP15 was lost. In the latter experiment, due to the lack of the CCL2 gene, BMP15 lost the ability to protect cumulus cells from apoptosis. Hence, there may be a necessary connection between BMP15 and CCL2 enabling the two to regulate cumulus cell apoptosis by regulating each other. There are many reports showing that CCL2 influences apoptosis by regulating intracellular factors. CCL2 cytoprotection and chemotaxis may occur through distinct signaling mechanisms. CCL2 protects cultured mouse neonatal cardiac myocytes from hypoxia-induced cell death [24] . CCL2 protection from tat-induced apoptosis in neurons correlates with a reduction in uptake and changes in the intracellular distribution of tat [25] . CCL2 also inhibits the T cell apoptotic program induced by growth factor deprivation [26] and blocks the constitutive apoptosis of normal neutrophils through CCR2 [27] . These results agree with our data and substantiated our results. CCL2 may play an anti-apoptotic role in the above cell types when cells sense external stimulation. Similar to the above cell types, in the cumulus cells used in this study, CCL2 acts as a typical chemokine and facilitates the anti-apoptotic effect of BMP15 through changes in its own expression only in the presence of BMP15. A previous report revealed that FAS-regulated CCL2 secretion by BMMSCs recruited T cells for FASL-mediated apoptosis [14] . FAS/FASL is the primary ligand system affecting the apoptosis of granular cells, and CCL2 interacts with this system, thus regulating apoptosis. The protective effect of BMP15 against apoptosis that is discussed in this paper may also be achieved by stimulating the FAS/FASL system by regulating CCL2, thus protecting cumulus cells from apoptosis. Therefore, this study identified potential regulatory factors by which BMP15 protects cumulus cells from apoptosis.
FBN1, a 350-kD glycoprotein, is the main component of microfibrils in the extracellular matrix [28] . FBN1 plays a crucial role in fibrosis by regulating TGF-β signaling in the extracellular matrix [29] . In the ovary, FBN1 expression and localization affect TGF-β bioavailability [30] . This study analyzed the underlying mechanism by which FBN1 stimulates follicular atresia, that is, its effects on cumulus cell apoptosis, in the presence of BMP15. In the presence of BMP15, FBN1 depletion protected cumulus cells from apoptosis; similarly, when FBN1 was depleted, the addition of BMP15 played a protective role for cumulus cells. However, the effect in the latter experiment was more significant than that in the former experiment. This may be because regardless of the silencing of FBN1 gene, the presence of BMP15 upregulated the intracellular level of CCL2, which in turn enhanced the protective effect of BMP15 against cumulus cell apoptosis, thus leading to a further enhancement of the protective effect of BMP15 against cumulus cell apoptosis under these conditions. This conclusion suggests that the connections between BMP14 and CCL2 and between BMP15 and FBN1 can regulate cumulus cell apoptosis. Although there are no previous reports in the literature describing a direct relationship between FBN1 and apoptosis, changes in FBN1 genotype have been shown to affect T cell apoptosis [14] . Here, we showed that BMP15 downregulated the FBN1 gene, with the result that FBN1 was no longer involved in the regulation of apoptotic pathways. In other words, downregulation of the FBN1 gene enhanced the protective effect of BMP15 on cumulus cells. A previous study showed that mice deficient in FBN1 have marked dysregulation of TGF-β activation and signaling, resulting in apoptosis in the developing lung [15] . FBN1 deficiency activates and leads to abnormalities in TGF-β signaling, suggesting that FBN1 may regulate the activity of the TGF-β family. BMP15 is a typical member of the TGF-β family. It is likely that there is a connection between BMP15 and FBN1 that regulates host cell apoptosis and proliferation. It has been reported in the literature that FBN1 deficiency causes apoptosis in the lung, which differs from the conclusion derived from the present study. A possible reason may be that different mechanisms are involved in gene regulation in different tissues and cells or that variations in gene function in different tissues were caused by the differences in the internal environments of the organisms in the in vivo and in vitro studies. The induction of apoptosis and FBN1 expression was observed in human dermal endothelial cells treated with scleroderma sera containing anti-endothelial cell antibodies [31] , indicating that certain stimuli can change the FBN1 phenotype or expression level. This conclusion supports the results of the present study regarding FBN1 expression in apoptotic cells.
Here, we showed that BMP15 promotes the apoptosis of cumulus cells by reducing the expression level of FBN1.
In conclusion, the present study indicates that BMP15 inhibits cumulus cell apoptosis through a different mechanism, such as CCL/FBN1. More details regarding the regulatory pathways involving BMP15/CCL2 and BMP15/FBN1 need to be verified by further studies. The present data provide new research avenues for the role of BMP15 in the apoptosis pathway. Many aspects of the effects of BMP15 in mammalian reproduction remain to be elucidated. In addition, because the pig has high homology with humans, the function of BMP15 in pigs can be used to model the mechanisms of cumulus cell apoptosis during human reproduction.
